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This paper proposes a remote control method for a mobile robot based on the force feedback generated using a colli-
sion prediction map. The collision prediction map expresses the relation between the mobile robot and its surrounding
environment as the collision prediction time at each translational and angular velocity. The force feedback is generated
by using this collision prediction map. In the proposed method, the operator can feel the environmental information as
the tactile sensation. This improves the operability of the remote control system. The validity of the proposed method

was confirmed from the experimental results.
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1. Introduction

Japan has faced many natural disasters such as earthquakes
and tsunami. From this background, several disaster defense
systems by using robotics technology have been developed.
Mobile robots to collect the environmental information in the
disaster sites are treated as one of these systems’®. There-
fore, researches on mobile robots have been actively reported.

Focused on the researches on mobile robots, the control
methods are roughly classified into two types; One is the au-
tonomous control type, and the other is the remote control
type. The autonomous mobile robots have achieved intelli-
gent tasks by using several sensor information ®“. This tech-
nology is useful for the contribution of the labor force, since
it is possible to conduct tasks without operators. Abbas et
al. proposed the obstacle avoidance with the nonlinear model
predictive control of the autonomous vehicle ®. Lee et al. de-
veloped the efficient simultaneous localization and mapping
(SLAM) using a monocular vision sensor for indoor service
robots ®. Hirose et al. reported the following control ap-
proach based on the model predictive control . However, it
is hard for these mobile robots to be applied in the compli-
cated environment such as the disaster site.

On the other hand, there are also a lot of researches on
remote control of mobile robots. By the assistance based
on the operator’s judgement, remote control systems can
achieve several tasks in the complicated environment. Okura
et al. proposed the free-viewpoint mobile robot teleopera-
tion based on the vision sensor®. Zhao et al. developed the
brain-machine interfacing-based teleoperation for the mobile
robots ®. Frank et al. reported the mobile mixed-reality ap-
proach to interact with and control a multi-robot system “*.
However, it is hard to recognize surrounding environment by

* Graduate School of Maritime Sciences, Kobe University
5-1-1, Fukaeminami, Higashinada-ku, Kobe 658-0022, Japan
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using the only visual information. Therefore, the operator
needs training for the skillful operation.

For the operability improvement, the remote control meth-
ods with the force feedback have been reported. In these con-
trol methods, the operator recognizes the surrounding envi-
ronment by not only the visual information but also the tac-
tile information """?. Pecka et al. reported the tactile terrain
exploration by using the mobile robot for traversing rough
terrains . Xu er al. presents the visual-haptic aid teleop-
eration system Y. Ma and Ben-Tzvi developed the teleop-
eration with the haptic glove for the mobile robot naviga-
tion"”. Masone et al. proposed the shared framework for
the trajectory planning via the force-feedback haptic inter-
face for the mobile robots '®. However, most of these con-
ventional methods do not consider the non-holonomic con-
straint. Therefore, the force commands that mobile robots
do not realize may be generated. As a result, the operabil-
ity of the remote control may not be improved. Considering
the non-holonomic constraint, we proposed the force com-
mand generation method based on the translational and an-
gular velocity dimension “”"®. This research showed the im-
proper force feedback did not improve the operability. On
the other hand, the operability improvement was experimen-
tally shown by using the proper force feedback at appropriate
timing ¥

This paper focuses on the remote control method for the
mobile robot with the force feedback. As with the meth-
ods """ the force commands are generated based on the
translational and angular velocity dimension. This paper pro-
poses the collision prediction map which is calculated from
the prediction trajectory and the environmental information.
This map expresses the collision probability on several trans-
lational and angular velocities. By using this collision pre-
diction map and the velocity commands, the force feedback
depending on the collision probability is achieved. As a re-
sult, the operator can feel the environmental information as
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Fig.1. Coordinate Systems

the tactile sensation. Therefore, the operability for the remote
control is improved. The validity of the proposed method was
confirmed from the experimental results.

This paper is organized as follows. Section 2 describes the
modeling of the mobile robot. In section 3, the remote con-
trol system with the force feedback is explained. Sections 4
and 5 describe the generation method of force commands as
the conventional and proposed methods. In section 6, exper-
imental results are shown to confirm the validity of the pro-
posed remote control system. Finally, this paper is concluded
in section 7.

2. Modeling

This section explains the modeling of the mobile robot.
Figure 1 shows the coordinate systems. As shown in Fig. 1,
the global coordinate system Xg; and the local coordinate
system X, are defined. The origin of the global coordinate
system is constant, and is defined as the center point of the
robot at the initial position. On the other hand, the origin of
the local coordinate system is set to the center point of the
robot, and is changed during the moving. The directions of
X-axis and Y-axis are defined as the same direction as the
translational motion, and the vertical left direction of X-axis.

The relation between the velocities in the global coordinate
system and these in the local coordinate system is expressed
as follows.

Ol = pcos (CF@) +-vvvvvmm (1)
Ol = psin (FF@) v v )
L o (e et e 3)

where x, y and 6 represent the positon and posture of the mo-
bile robot. The superscript “Z means the value in the global
coordinate system. On the other hand, the values in the local
coordinate system do not use the superscript. v and w stand
for the translational and angular velocities.

3. Remote Control System

This section shows the remote control system for the mo-
bile robot. Figure 2 shows the remote control system with the
force feedback. This remote control system consists of the
mobile robot and two motors as the control device. Two PCs
are utilized to control the mobile robot and the control device.
As the laser range finder, URG manufactured by HOKUYO
AUTOMATIC CO., LTD. is used". URG was attached to
the mobile robot to measure the environmental information.

3.1 Velocity Commands This subsection describes
the generation of velocity commands. One linear motor is
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Fig.2. Remote Control System with Force Feedback

used for the translational velocity command, and one rotary
motor is utilized for the angular velocity command. The
translational velocity command v and the angular veloc-
ity command w" are generated in proportional to the move-
ment of each motor.

4 YA TS MY L 4)
d _ qymax O @M (5)

where V""** and Q™" represent the maximum values of the
translational and angular velocities. X" and @™ mean the
maximum displacement and maximum rotation angle of mo-
tors. These values are decided from the specifications of the
mobile robot and motors. x;** and 8/;* stand for the position
response of linear motor and the angle response of the rotary
motor. The translational and angular velocity commands are
sent to the mobile robot by UDP.

3.2 Force Controller This subsection shows the
force feedback in the control device. For the acceleration
control, disturbance observer (DOB)®" is implemented in
each motor. In addition, reaction force observer (RFOB) *? is
also implemented to estimate the reaction force without the
force sensor. The force controller based on the acceleration
control is expressed.

ref =K (fcmd

= K (fo"

fext )
- /5

9fo ..........................
where K; means the force feedback gain. f" and fext rep-
resent the force command and reaction force estimated by
RFOB. The superscript "*/ means the reference value. The
subscripts , and ,, stand for the values related to the transla-
tional velocity and the angular velocity.

By using (6) and (7), the force commands are realized.
Therefore, the operator can feel the force feedback as the tac-
tile sensation. On the other hand, it is possible to manipulate
the control device with the small operational force, if force
commands are equal to 0 (f"¢ = 0). The generation meth-
ods of force commands are detailed in sections 4 and 5.

4. Conventional Method

Figure 3 shows the force command generation for the
remote control as the conventional method ""?. In this
method, the force command is generated in proportion to
the distance between the obstacle and the mobile robot. The
force command £ is calculated as follows.

IEEJ Journal IA, Vol.8, No.4, 2019
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ot fK Ro=R) Ro>R
0 otherwise

where R and R, stand for the distance from the mobile robot
to the closest environment and the distance threshold. K; is
the variable feedback gain to generate the force command.
As shown in Fig. 3(a), the force command is generated in the
condition of Ry > R.

The feedback gain K; is modified due to the differentiation
of the distance from the mobile robot to the closest environ-
ment.

Kmin @>0
dr =
_ ) 1/ grmax _ yrminydR min dR
Ki= KKK Sy < i
max dR
K R<—y

where K"~ and K™" mean the maximum and minimum feed-
back gains. y represents the velocity limitation.

In order to achieve this force command, it is necessary to
divide the force command into the translational and angular
directions. For this division, the angle between the mobile
robot and closest environment as shown in Fig. 3(b) is uti-
lized.

f;JCW'd = cmd . Sin 9""” ...........................

f(f)md = fcmd - COS egm) ...........................

where 8" represents the angle between the mobile robot and
the closest environment.

5. Proposed Method

This section proposes the force generation method using
the collision prediction map. Firstly, the collision prediction
map is detailed. Secondly, the force commands are gener-
ated by the relation between the collision prediction map and
velocity commands.

5.1 Collision Prediction Method This subsection
explains the collision prediction method between the mobile
robot and environment. This collision prediction is used to
generate the force commands. For the collision prediction,
dynamic window is calculated . Dynamic window is com-
posed of the translational and angular velocities which the

729

mobile robot can realize after the unit time AT[s]. The unit
time AT should be set considering the relation between the
maximum/minimum velocities and maximum accelerations
from the robot specification. Dynamic window is expressed
as follows.

VI = 0 VMaX CAT o (12)
U:jm‘n = MY AT e (13)
Wi = W™+ OMAX AT oo (14)
wgﬂ'ﬂ =W —OMAX AT e (15)
where v"** and "’ mean the translational and angular ve-

locity responses. These velocity responses are treated as the
current velocities. The subscript 4 is the values related to
dynamic window. The superscripts "** and ™" represent the
maximum and minimum values. V™% and Q™ stand for
the maximurr_l translational and angular velocities. vg””, vZ”",
Wi and wj™ are the maximum and minimum values of the
translational and angular velocities after AT [s]. Considering

the robot specification, dynamic window is modified.

Prar — v if UZ!WX >V . (16)
d VI otherwise
pmin. Vrr.lin e 17
d Vi otherwise
max o max max
nax — Q if w .> o (18)
d e otherwise
nin — QU if et < (19)
d e otherwise

where V™" and Q" mean the minimum translational and an-
gular velocities from the robot specification. In this research,
the minimum translational velocity is equal to 0 (V™" = ().
In other words, this research focuses on the forward motion.
Dynamic window is expressed as the velocity area from UZ""
to /" and from W™ to w7

In order to calculate the collision prediction, dynamic win-
dow is divided into N along the translational velocity and M
along the angular velocity. N and M are natural numbers and

are defined as follows.

pnax _ Umin

Nzl 20
l AV ] (20)
wnax _ wmin

M = u ............................ 21
{ X3 j 2D

where AV and AQ represent the resolutions of the transla-
tional and angular velocities for the collision prediction. | |
means floor function. As a result, dynamic window is di-
vided into N X M. The higher the resolutions of velocities
are, the more precise the collision prediction is calculated.
However, the communication time delay between two PCs
occurs, since the calculation cost and the data amount of the
collision prediction are increased. Considering this tradeoff,
it is necessary to set resolutions of the translational and an-
gular velocities for the collision prediction.

Figure 4 shows the flowchart of the collision prediction be-
tween the robot and environment. As shown in Fig.4, this
flowchart consists of 6 steps.

IEEJ Journal IA, Vol.8, No.4, 2019
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Step 1
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Step 6

Fig.4. Flowchart for Collision Check

Step 1: Coeflicients i(i
0,1,2,---, M) are initialized.

071,2’...,N) and j(j

Step 2: The translational velocity for the collision check v; is
calculated.

v = v:?m
Step 3: The angular velocity for the collision check w; is cal-
culated.

w; = wy"
Step 4: The collision check is conducted by using the trans-
lational velocity v;, the angular velocity w; and the environ-
mental information measured by URG. The detail of the col-
lision check is described in Section 5.2.

Step 5: If jis larger than M, go to Step 6. Otherwise, j = j+1
and go to Step 3.

Step 6: If i is larger than N, this flowchart is finished. Other-
wise, i =i+ 1, j = 0 and go to Step 2.

5.2 Collision Prediction Map This subsection pro-
poses the collision prediction map. Figure 5 shows the
flowchart to calculate the collision prediction map. This
flowchart is inserted in Step 4 of Fig.4. As shown in Fig. 5,
the collision check is conducted.

Step 4-1: By the relation between |w/| and €, the robot mo-
tion is divided into 2 cases. €, is the threshold value in the
angular velocity. In addition, Q,, should be set to the value
close to 0.

Step 4-2A: In the case of |w;| < €y, the robot motion is
treated as the straight motion as shown in Fig. 6(a). These
environmental information measured by URG is expressed
as (x),y))(l = 1,2,---, P). P is the number of measurement
points by URG. By using the prediction trajectory consider-
ing the robot width D, the environment where there is the
collision possibility is extracted.

D
S 26
Yy, > 3 (26)

D
S 27
!/1<2 27)
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Fig.6. Calculation of Prediction Collision Time

The closest environment within (26) and (27) is defined as

(x> Yni)- The distance from the robot to (x;. .y, . ) is cal-
culated.
ij SR e (28)

where L! means the distance to the closest environment from
the robot in the case of v; and w;.

Step 4-2B: In the case of |w;| > €y, the robot motion is
treated as the circular movement. In this case, the turning
radius R is calculated from the v; and w;.

R= (29)
wj
The center of the rotation is expressed as (0, R) in the local
coordinate system. Therefore, the environment of the high
collision probability is extracted by using the prediction tra-
jectory considering the robot width D.

, ‘ D\’
(=07 + @y - R’ >(R—5)

2

(x -0+ W -R’< (R+ %) ...............
In (30) and (31), the closest environment to the mobile robot
is searched. This closest environment has the highest proba-
bility of collision with the robot. The angle between the robot
and closest environment is defined as 6 . . The distance from
the robot to the closest environment is calculated from the
circumference.

= ROS . e

min

S
L;

IEEJ Journal IA, Vol.8, No.4, 2019
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Step 4-3: The prediction time Tfj to the collision between the
robot and the environment is calculated.

N

. 13
TS = U_,] ...................................... (33)
In (33), the prediction time in the case of v; and w; is esti-
mated. As shown in Fig. 4, this calculation for the collision
prediction is conducted for N X M sets of translational and an-
gular velocities. By using N X M sets of the prediction time,
the collision prediction map is obtained.

5.3 Generation Method of Force Commands This
subsection proposes the generation method of force com-
mands by using the collision prediction map and velocity
commands. The collision prediction map is composed of
the prediction time calculated from v; and w;. v; and w;
are the translational and angular velocities for the collision
check, and these values are discrete values. On the other
hand, the velocity commands v and w are continues
values. Therefore, the interpolation using Bezier surface is
conducted.

The closest points of the velocity commands in the colli-
sion prediction map are calculated as follows.

~ Ucmd _ V:lmn
n= T ............................. (34)
wcmd _ qu'n
m= T ............................. (3 5)

where n and m mean the integral numbers. The collision pre-
diction time for v and w“" is obtained by the interpolation
using Bezier surface. At first, the interpolation along the an-

gular velocity is conducted.

Dol = asz + bkwf, +Crwp Fdgeeeeee (36)
where ay, by, ¢, dy (k = —1,0,1) and w, are expressed as
follows.

o = “Tononen) ¥ oom = Tooon-y 37)

g 4AQ3
by = S(T(Cn+k)(m+l) - 2T(Cn+k)m + T(Cn+k)(m—l)) ...... (38)
g 4002
T¢ -T¢
(n+k)(m+1) (n+k)(m—1)
= O ) 39

Ck A (39)

d, = T(Ln+k)m ................................... (40)

w, = D e 41)

where t: | end TEANS the collision prediction time in the case
(n+k)

of U(n+k) and wcmd.

By using (36), the interpolation along the translational ve-

locity is calculated.

g;_mdwm = ev; + fvi F GOy R (42)
where e, f, g, h and v, are described as follows.
-T¢ +27¢ —T¢
(n+1)m nm (n—1)m

- wm T M. 43
¢ 4AV3 )

_ 3(T(Cn+1)m - 2Trclm + T(Cn—l)m)

S S S (44)

4AV2

731

- Lowom = Toom (45)
2AV

Bom TG, v (46)

v, = pemd Up e re e (47)

where fgm,mm, means the collision prediction time in the case

of v and w.
By using the collision prediction time fimwund, the force
commands are generated.
fcmdz { a(fgcmdwrmd_Tth) if fgcmdw(»md <Tw ( 48)
0.0 otherwise

where T}, sands for time threshold. @ means the coefficient to
generate the force commands. If the collision prediction time
tq;mdwmd is smaller than time threshold T}, the collision prob-
ability is high. Therefore, the force commands generated. In
the case of fi migema > Lems the collision probability is low.
In this case, the force command is set to 0, and the operator
manipulates the control device with the small manipulation
force.

The coefficient of the force command « should be decided
considering the relation between the maximum force of the
control device and the time threshold. By setting the time
threshold 77, high, the safety remote control is achieved. On
the other, the frequent force commands occur depending on
the environment condition such as the narrow space. This fre-
quent force commands may not connect the operability im-
provement. From this viewpoint, time threshold should be
decided considering the environment condition and the oper-
ability of the remote control system.

The control device consists of the linear motor for the
translational direction and the rotary motor for the angular
direction as shown in Fig. 2. For the realization of the force
feedback in the control device, it is necessary to divide the
force command into the translational direction and the angu-
lar direction. Considering the gradients of the collision pre-
diction map with respect to the translational and angular ve-
locities, it is possible to recover the collision prediction time
by the force feedback. As a result, the force command is di-
vided into the translational direction and the angular direction
by the gradient in the collision prediction map.

cmd = cmd Atu .....................
L=r NEEYYE (49)
fomd = fcmdL ..................... (50)
VA2 + At,)?
aifLmzl wcmd
At, = S (51)
At, = Olipmagemt (52)
ow

where Af, and Az, mean the gradients with respect to the
translational and angular velocities. By substituting (49) and
(50) for (6) and (7), the operator can feel collision probability
as the tactile sensation.

6. Experiments

This section confirmed the validity of the proposed method
from the experimental results. Firstly, the experimental setup
is explained. Secondly, the experimental results are shown.

IEEJ Journal IA, Vol.8, No.4, 2019
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1 1.8m |

[\ re—
1 07m

Fig.7. Experimental Course

Table 1. Specification of Mobile Robot
Vymax 11 Maximum translational velocity | 0.4 [m/s]
ymin || Minimum translational velocity | 0.0 [m/s]
Qx| Maximum angular velocity 1.5 [m/s]
Qmn || Minimum angular velocity -1.5 [m/s]
ymax || Maximum acceleration 1.0 [m/s?]
Qe* || Maximum angular acceleration | 2.0 [m/s?]
D Mobile robot width 0.4 [m]
Table 2. Control Parameters
AT || Unit time for prediction map 1.0 [s]
AV || Resolution of translational velocity | 0.05 [m/s]
AQ || Resolution of angular velocity 0.1 [rad/s]
Qu, || Angular velocity threshold 0.05 [rad/s]
K; || Force feedback gain 1.0
Table 3. Parameters for Force Command
Ry Distance threshold 0.5 [m]
K™ || Minimum feedback gain 20.0
K™ || Maximum feedback gain 40.0
y Velocity limitation 0.15 [m/s]
et Coeflicient of force command | 6.0
T Time threshold in Case 1 4.5 [s]
T Time threshold in Case 2 2.5 [s]

6.1 Experimental Setup This subsection describes
the experimental setup. Figure 2 shows the remote control
system which was utilized in this experiment. This mobile
robot is T-frog project i-Cart mini ®”. Tables 1-3 show the
specification of the mobile robot, control parameters, and pa-
rameters for the force command. The force feedback gain
K, parameters in the conventional method, Ry, Kmin | gmax,
and y are set by the trials and errors in this paper.

The experiments are divided into 2 cases.

Case I: The mobile robot moved along the straight line as
shown in Fig. 7. In Case 1, the comparison between the con-
ventional method and the proposed method was evaluated.
For the evaluation under the same condition, the only con-
stant translational velocity command was set @™ = 0.15,
w = 0.0). In addition, this experiment did not conduct the
force feedback, but the generation of the force commands.
From the difference of the force commands, the validity of
the force command generation was checked.

Case 2: The mobile robot moved along the right turned
course as shown in Fig.7. In Case 2, the proposed method
was implemented. From this experiment, the validity of the
proposed remote control system with the force feedback was
confirmed.

6.2 Experimental Results  This subsection shows the
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experimental results to confirm the validity of the proposed
method. Figures 8-9 show the trajectory of the mobile robot,
and experimental results in Case 1. In Fig. 8, the robot po-
sition was calculated from the odometry information. URG
data was used as the environmental information. As shown in
Fig. 8, the mobile robot moved along the straight line by the
remote operation. Fig. 10 shows the collision prediction map
at points 1-4 shown in Fig. 8. The collision prediction map
was changed due to the relation between the mobile robot
and the environmental information.

Figure 9(a), (b) and (c) represent the velocity commands,
the force commands by the conventional method and pro-
posed method. In Case 1, the only constant translational

IEEJ Journal IA, Vol.8, No.4, 2019
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Table 4. Collision Prediction Time

\ Point H T¢ [s] | v; [mys] | wj [rad/s] \ L, [m] \
A 4.86 0.2 0.0 0.97 by (28)
B 5.0 0.2 -0.3 No Collision by (32)
C 3.30 0.2 -0.5 0.66 by (32)
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Fig.12. Trajectory of Mobile Robot (Case 2)

velocity command was sent from the operation side as shown
in Fig. 9(a). In the conventional method, the force command
was generated due to the geometric relation between the mo-
bile robot and environment. The force commands were gen-
erated from the start point to the goal point as shown in
Fig. 9(b), though there is no risk to collide with the side en-
vironment. The force command may be treated as the heavy
manipulation force. Therefore, the operability may not be
improved. On the other hand, the proposed method gen-
erated the force command by using the collision prediction
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Fig. 13. Experimental Results (Case 2)

map as shown in Fig. 9(c). When the collision probability is
high, the operator grasped the environment information by
the force feedback. In addition, the operator manipulated the
control device with the small operational force in the case of
low collision probability.

The accuracy of the collision prediction map was checked
at points A-C in Fig. 10(b). For the check of the collision pre-
diction time, Fig. 11 shows the prediction trajectories from
point 2. Table 4 shows the accuracy of the collision pre-
diction map. In Case 1, the maximum collision prediction
time is set to 5.0 [s]. Therefore, the collision prediction time
at point B is equal to 5.0 [s], since the prediction trajectory
B did not collide with the environment. On the other hand,
the prediction trajectories A and C collide with the environ-
ment. As shown in Table 4, the collision prediction time Tfj
was accurately calculated from the geometric relation. From
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Fig. 14. Collision Prediction Map (Case 2)

these results, the reliability of the collision prediction map
was confirmed.

Figure 12 shows the trajectory of the mobile robot in Case
2. Figure 13(a) and (b) represent the velocity commands, and
the force responses by the proposed method. In the proposed
remote control system, the operator manipulated the control
device while watching the visual information and feeling the
tactile information. According to the operator’s manipula-
tion, the velocity commands in Case 2 were generated by (4),
(5). By the velocity commands as shown in Fig. 13(a), the
mobile robot moved along the desired right turned trajectory
as shown in Fig. 12.

Figure 14 shows the collision prediction map at points 1—
4. The maximum collision prediction time was set to 10.0 [s]
in Case 2. In the case of high collision prediction, the force
commands were generated as shown in Fig. 13(b). As a result
of this force feedback, the velocity commands were modified
to avoid the collision. In addition, the proposed method con-
ducted the more delicate force feedback compared with the
conventional methods. Therefore, the operability improve-
ment is expected ‘Y.

From these experimental results, the validity of the pro-
posed method was confirmed.

7. Conclusions

This paper proposed the remote control method for the
mobile robot by using the force feedback. The force com-
mands are calculated from the relation between the collision
prediction map and velocity commands. The collision pre-
diction map is generated from the collision estimation be-
tween the robot and environment. By using the proposed
method, it is possible to realize the force feedback depend-
ing on the collision probability. As a result, the operator
grasps the environment information as the tactile sensation.
In addition, the operator manipulates the control device with
the small operational force in the case of low collision prob-
ability. From these experimental results, the validity of the
proposed method was confirmed.

The future works are described as follows.
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® The design method of controller parameters considering
the operability should be developed.
® The experiments under the dynamic environment should
be conducted.
® The quantitative proof method to evaluate the operability
should be developed.
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